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Many techniques for the surface modiﬁcation of titanium and its alloys have been proposed from the viewpoint of improving
bioactivity. This paper contains an overview of surface treatment methods, including coating with hydroxyapatite (HAp),
an osteoconductive compound. There are two types of coating methods: pyroprocessing and hydroprocessing. In this paper,
hydroprocessing for coating on the titanium substrate with HAp, carbonate apatite (CO3–Ap), a CO3–Ap/CaCO3 composite,
HAp/collagen, and a HAp/gelatin composite is outlined. Moreover, evaluation by implantation of surface-modiﬁed samples in rat
tibiae is described.
1.Introduction
Titanium (Ti) and its alloys are used as artiﬁcial joints
and teeth roots in orthopedic and dental settings because
they have the advantage that their mechanical properties
are closer to those of bone than are those of stainless
steel or cobalt-chromium alloys. However, the diﬀerence in
mechanical properties between Ti and natural bone leads
to negative eﬀects, such as stress shielding. To mitigate
these eﬀects, many new Ti alloys have been developed
for hard tissue implants, with a focus on controlling the
alloy element and its content, phase, and other characteris-
tics.
When implants do not undergo surface modiﬁcation to
enhance the osteoconductivity, it takes a relatively long time
toﬁxthemetallicimplanttobonesuchthatitisstable.There
are many approaches for improving the osteoconductivity
of Ti and its alloys. These approaches can be classiﬁed into
the following two techniques: (1) bioactive compounds that
accelerate bone formation are coated on metallic implants
and (2) a rough surface at the macrolevel is formed on
the metallic implants, and the ingrowth of bone results in
anchorage of the implants. These techniques have achieved
a certain level of success, and the surface-modiﬁed implants
have been used clinically. However, there are still weaknesses
with the coating that need resolution, as well as unclear
points regarding the eﬀect of the surface properties on
the osteoconductivity. Since hydroprocessing can be used
to prepare the coating on complex-shaped substrates with
complex topography, which many implants have, we focus
ontheuseofhydroprocessinginmanytechniquesforcoating
the bioactive compound, especially hydroxyapatite (HAp),
and expound on the characteristics of the techniques and
issues. Moreover, we describe in detail the evaluation of the
osteoconductivityofimplantscoatedwithHAp,usinginvivo
testing in rat tibiae.
2.HApCoating
HAp (Ca10(PO4)6(OH)2), which is the main inorganic
component in the mammal bone or tooth [1], has attracted
attention as a surface-coating compound because of its
high osteoconductivity. Many pyroprocessing methods of
forming HAp and other calcium phosphate coatings on
metallic substrates have been reported (e.g., plasma spraying
[2, 3], sol-gel method [4, 5], electron beam sputtering
method [6], and ion beam sputtering method [7]). However,
all have weak points in relation to coating with HAp2 Bioinorganic Chemistry and Applications
on complex-shaped implants. Plasma spraying remains the
most commonly used technique for HAp coating on a Ti
or Ti alloy substrate in the fabrication of artiﬁcial joint
replacements [1] and in endosseous dental implants [2].
On the other hand, many hydrocoating techniques (e.g.,
cathodic electrolysis method [8–10], electrophoretic method
[11, 12], and thermal substrate method [13–18]) have been
proposed as approaches to forming thin-ﬁlm coatings on
metallic substrates. The cathodic electrolysis and thermal
substrate methods are single-step coating techniques in an
aqueous solution, and they coat the HAp directly from
the solution. The electrophoretic method is omitted from
this paper because it uses HAp formed by other methods
in advance, despite the hydroprocessing. Therefore, in this
paper, we describe the cathodic electrolysis and thermal
substrate methods.
2.1. Theory of HAp Coating Using Hydroprocessing. It is
known that the solubility of HAp in an aqueous solution
decreases with increasing temperature and that the relation-
ship between the HAp solubility product, KSP/(moldm−3)9,
and the temperature, T/K,i sg i v e nb y[ 19]
log KSP =−
8219.41
T
− 1.6657 −0.098215T. (1)
Therefore, heating an aqueous solution containing Ca2+
and PO4
3− ions results in the precipitation of calcium
phosphates, such as HAp, in the solution.
The ionic product of HAp, KIP/(mol L−1)9, is expressed
as follows:
KIP =

Ca2+5
PO4
3−
3
OH
−
,( 2 )
where [X] indicates the molar concentration (mol L−1)o f
ionic species X. The increase in [Ca2+]o r[ P O 4
3−]c o n t e n t
or pH value in the solution initiates the precipitation of HAp
because KIP achieves KSP.M o r e o v e r ,[ P O 4
3−] increases with
increasing pH value (Figure 1). Therefore, the increase in pH
directlyacceleratestheprecipitationofHAp,whichindirectly
increases the [PO4
3−]c o n t e n t .
Figure 2 shows the solubility curves of various com-
pounds on calcium orthophosphate [19]; as shown, there
are many compounds other than HAp. This ﬁgure indicates
that CaHPO4 (DCPA) is the most stable compound at pH
< 5, with HAp the most stable at pH > 5. Therefore,
HAp can be easily obtained in a solution where pH > 5
and where the ion content and temperature are controlled.
However, HAp cannot precipitate in a solution of pH < 5,
and hydroprocessing using the precipitation phenomenon in
the aqueous solution cannot give β-Ca3(PO4)2 (β-TCP), a
bioactive compound.
2.2. Thermal Substrate Method in Aqueous Solution [13].
This process involves passing an alternating current through
a metallic sample immersed in an aqueous solution. The
immersed metallic sample heats up to more than 100◦C
by Joule heating, even though the hydroprocessing occurs
at atmospheric pressure (Figure 3). Therefore, this method
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Figure 1: Logarithmic concentration diagram for orthophosphoric
acid.
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Figure 2: Solubility curves of calcium orthophosphoric com-
pounds at 37◦C, depending on pH in aqueous solution.
HAp: hydroxyapatite (Ca10(PO4)6(OH)2), TCP: calcium phosphate
(Ca3(PO4)2), OCP: octacalcium phosphate (Ca8H2(PO4)6 5H2O),
DCPA: dicalcium phosphate anhydrous (CaHPO4), DCPD: dical-
cium phosphate dihydrate (CaHPO4 2H2O).
can produce the special reaction conditions (>100◦Ci na n
aqueous solution) by not using the pressure vessel.
When the thermal substrate method in an aqueous
solution is used, the fact that the solubility of HAp decreases
with increasing temperature means that HAp precipitation
occurs only on the substrate. It is important to coat
HAp while controlling the concentration of the solute and
the pH value of the solution and temperature, because
they aﬀect the degree of supersaturation of HAp in theBioinorganic Chemistry and Applications 3
Figure 3: Experimental apparatus for HAp coating.
solution (Equations (1)a n d( 2)). Figures 4(a)–4(d) show
the change in the surface morphology of the samples coated
with HAp under controlled pH and temperature, whose
factors determined the degree of the supersaturation with
respect to HAp [14, 15, 17, 18]. The precipitate at pH =
4.0 (Figure 4(a)) appeared to pile up like bricks and was
identiﬁed as DCPA, which is a stable compound. On the
other hand, in the solution at pH = 8.0, the precipitate
was composed of HAp (Figures 4(b)–4(d)). From the EDX
analysis,themolarratioofcalciumtophosphorous(Ca/P)of
HAp was 1.41–1.43. This shows the coated HAp was calcium
deﬁcient.The pH dependenceof the solubility of the calcium
phosphate compounds explains why the precipitate changed
with increasing pH of the solution, that is, the solubility
curves of DCPA and HAp cross at approximately pH = 5f o r
various compounds of calcium phosphate [19]. The surface
morphology of the precipitated HAp strongly depends on
coating temperature: low temperature (40◦C) gave net-like
HAp (Figure 4(b)); high temperature (140◦C) gave needle-
like HAp (Figure 4(d)); mid temperature (60◦C) gave plate-
like HAp (Figure 4(c)). That is, by using hydroprocessing,
we can control the crystalline form, which could not have
been achieved using traditional methods. Figure 5 shows the
scanning electron microscopy (SEM) photographs of the
HAp-coated samples on porous Ti alloy surfaces formed by
sintering Ti6Al4V particles (ca. 100μm in diameter) on cpTi
substrates [16]. Heating at 100◦C for 15min. in a pH = 7
solution led to HAp precipitation over the entire surface
of the Ti6Al4V sintered particles (on both front and back
faces) and on the base cpTi substrate of the experimental
samples. In particular, it was found that HAp precipitate was
also detected at the sinter neck regions of adjacent particles
and on the base substrate, while the original open-pored
geometry was maintained. Therefore, this method can be
used to apply the HAp coating to a substrate with complex
topography.
Biological apatite in natural bone does not appear in the
form of pure Hap, and it contains a considerable amount
of carbonate ions [20] (about 7.4 mass% with respect to
total bone and 11.4 mass% with respect to the inorganic
component in natural bone [21]). Carbonate apatite (CO3–
Ap), which replaces PO4
3− and/or OH− ions with CO3
2−
ions, is similar to the inorganic component of bone, and
it seems to be a more promising bioactive material than
stoichiometric HAp, because CO3–Ap has greater solubility
than pure HAp [20]. In addition, it has been reported that
CaCO3 displays bioactivity, such as cell compatibility and
hard tissue compatibility [22, 23]; that is, CO3
2− is expected
to inﬂuence biological reactivity and osteoconductive prop-
erties. It is also well known that the solubility of CaCO3 in
an aqueous solution decreases with increasing temperature
[24]. In the solution, when CO3
2− ions are added, CO3–Ap
or CO3–Ap/CaCO3 composite ﬁlms are easily obtained on
a substrate. Typical SEM photographs of the surface of the
samples are shown in Figures 4(e)-4(f), coated in a solution
of pH = 8w i t h<0.5mM NaHCO3 added at 140◦Cf o ra
period of 15min., and after the steam autoclaving treatment
(5 mass% CO3 in this ﬁlm) [25, 26]. The precipitates
coated from the solution with >0.5mM NaHCO3 added
contained CO3–Ap and CaCO3 at all temperatures, and
the X-ray diﬀraction spectra showed a mixture of calcite,
vaterite, and aragonite. The crystalline form of CO3–Ap was
changed, depending on the added NaHCO3 content, as well
as coating temperature. In particular, adding a signiﬁcant
amount of NaHCO3 (>5mM) brought about sphere-like
CO3–Ap (Figure 4(f)) in the 140◦C coating. In CO3–Ap
ﬁlms, FT-IR analysis revealed that CO3
2− was substituted
for PO4
3− (Type B CO3–Ap) in advance, which was similar
to biological apatite [27], and adding more CO3
2− to the
solution gave the substitution for OH− (type A). Therefore,
in the samples with <0.5mM NaHCO3 added, type B CO3–
Ap was obtained, and in the samples with >5mMNaHCO 3
added (i.e., having the binary phase of CO3–Ap/CaCO3),
type AB CO3–Ap was formed.
Natural bone contains CO3–Ap and a considerable
amount of organic components, such as collagen (about
23 mass% [21]). It is known that the hybrid organic-
inorganic structure initiates pliable bone. Some researchers
have reported the preparation of nanocomposites of
HAp/collagen and HAp/gelatin [28–30], as natural bone
is considered a nanocomposite of mineral and proteins.
Moreover, immobilization of collagen on implants displays
a tighter ﬁxation with the surrounding tissue, since the
c o l l a g e nb e h a v e sa sa na d h e s i v ep r o t e i nw i t hc e l l sb e c a u s eo f
the amino groups in the collagen molecules [31, 32]. From
the viewpoint of osteoconductivity, we expected that prepar-
ing the HAp/collagen composite coating would be a more
promising approach than using an individual coating of
either CO3–Ap or HAp. In the solution to which acid-soluble
collagen is added, HAp/collagen or HAp/gelatin composite
ﬁlmsareeasilyobtainedonasubstrate,dependingoncoating
temperature. In general, as mammalian collagen rapidly
denatures to gelatin at >45◦C, HAp/collagen composite4 Bioinorganic Chemistry and Applications
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Figure 4: SEM photographs of the surface of the samples treated by various methods.
can be obtained at <40◦C and HAp/gelatin composite at
>50◦C. Figures 4(g)-4(h) show the surface of the samples
coated in a solution of pH = 8w i t h7 2 m g L −1 collagen,
derived from calf, at 140◦Ca n d4 0 ◦C (10–15 mass% collagen
or gelatin in the ﬁlm) [33]. The surface morphologies of
HAp/collagen and HAp/gelatin signiﬁcantly depend on the
coating temperature and are not aﬀected by whether the
composite ﬁlm contains collagen or gelatin. That is, collagen
andgelatinhaveonlyasmalleﬀectontheHApcrystalgrowth
of the adsorption onto HAp. Hydroprocessing can be used to
form HAp/collagen and HAp/gelatin composite ﬁlms, which
could not be formed using high-temperature processing,
and the content of collagen and gelatin in the ﬁlms can be
controlled up to 60 mass%.
2.3. Cathodic Electrolysis in Aqueous Solution [8–10]. In
the electrochemical technique, a redox reaction produces
supersaturation of OH
− ions near the electrode in the
aqueous solution containing Ca2+ and PO4
3− in the same
manner as in the thermal substrate method. This local eﬀect
induces heterogeneous nucleation on the metal substrate
serving as the electrode. The addition of hydrogen peroxide
to the solution prevents H2 gas generation at the cathodic
electrode and promotes nucleation and growth of the HAp
coating.AddingH2O2 toelectrolytesenhancestheformation
of OH
− ions at the solution-electrode interface at a lower
cathodic potential, as described in the following reaction
[10]:
H2O2 +2 e − = 2OH
−. (3)
In this method, the surface morphology of the precipi-
tated HAp greatly depends on coating temperature [34]i n
the same manner as in the thermal substrate method. The
eﬀect of temperature on the surface morphology of coated
samples is shown in Figures 4(i)-4(j). The HAp crystals had
a similar shape to those formed using the thermal substrate
method, although the size of HAp crystals diﬀered between
the cathodic electrolysis and the thermal substrate methods.
Themolarratio(Ca/P)ofHApwasalmostsameasthatusing
the thermal substrate method. The coatings at >100◦Cw e r e
conducted in the pressure vessel. When using the electrolysis
solution, to which CO3
2− or collagen are added, CO3–Ap,
HAp/collagen, or HAp/gelatin composite ﬁlms are formed
on a substrate, depending on coating temperature.Bioinorganic Chemistry and Applications 5
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Figure 5: Surface and/or cross-sectional views of the samples with surface roughness. (a)–(c) bead-sintered porous samples (as sintered),
(d)-(e) bead-sintered porous samples coated with HAp (thermal substrate method, 0.7mM CaCl2 +0 . 3m MC a ( H 2PO4)2,p H7 ,1 0 0 ◦C,
15min.).
3. Evaluation of Osteoconductivity
The evaluation methods for the bioactivity of the implants
are classiﬁed into in vitro and in vivo methods. In this
review, the in vivo evaluation method is described. In in
vivo evaluation, many types of animals at diﬀerent ages were
used in various studies, and diﬀerent researchers used a
diﬀerent implanted part of the animals. Moreover, a uniﬁed
quantiﬁcation criterion has not yet been established, and the
criteria used in various studies are not compatible with one
another. Therefore, we use the bone-implant contact ratio,
RB-I, as an osteoconductive index based on the observation
of body tissue on the implants. Bone-implant contact was
determined by linear measurement of direct bone contact
with the implant surface. The sum of the length of the
bone formation on the implant surface was measured and
expressed as a percentage of the total implant length (bone-
implantcontactratio)inthecancellousboneandthecortical
bone parts [17, 18, 25, 26, 33]
RB-I (%) =
sum of the length of the part of bone formation on the implant surface
total implant length
× 100. (4)
Figure 6 shows the bone-implant contact ratios, RB-I,o f
the samples coated under the various conditions mentioned
above and classiﬁed based on the following four surface
morphologies: (A) needlelike, (B) platelike, (C) netlike, and
(D) spherelike. The samples are then compared with the
control implant ((E) noncoated Ti). In Figure 6, the samples
are distinguished according to color based on whether or not
the coating contained CaCO3 and collagen or gelatin (white:
HAp; gray: CO3–Ap or HAp/gelatin; black: CO3–Ap/CaCO3
or HAp/collagen). The RB-I value of HAp-coated samples
(white bar) is the same as or higher than that of the as-
polished one (E). In particular, RB-I in the cancellous bone
part is highest in the sample coated with the needle-like HAp
(A-1).Theinﬂuenceofthediﬀerentsurfacemorphologieson
RB-I is apparent [17, 18]. A small amount of CO3 included
in CO3–Ap does not inﬂuence osteoconductivity, and an6 Bioinorganic Chemistry and Applications
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Figure 6: Bone-implant contact ratio, RB-I, for the various surface-coated samples (rats’ tibia, 14 days). ∗P<0.05 (1) cortical bone part, (2)
cancellous bone part. (A) needle-like, (B) plate-like, (C) net-like, (D) spherical-like, (E) as-polished Ti.
increased amount of CO3 (>15 mass% CO3), including
that in CO3–Ap/CaCO3, has a negative eﬀect on (black
bar in (A-1), (B-1), (C-1), and (D-1)) [25, 26]. The RB-I
value of HAp/gelatin-coated samples is the same as that of
HAp (gray and white bars in (A-2) and (B-2)), and we did
not ﬁnd a positive eﬀect of the addition to HAp on the
osteoconductivity, or any negative eﬀects within the limit
of gelatin content used. In the HAp/collagen ﬁlms (C-2),
osteoconductivity was improved, and maximum RB-I was
obtained when the collagen content was the same as that in
natural bone. The addition of too much collagen, exceeding
that amount of collagen content in natural bone, inhibited
the improvement of the osteoconductivity [33].
4. Conclusion
The inside of the human body is equivalent to a water
environmentatroomtemperature,sincethewatercontentin
the body is about 60%. It is thought that hydroformed HAp
has greater osteoconductivity than HAp synthesized using
pyroprocessing, because synthesized HAp in the aqueous
solution at neutral pH and room temperature is similar
to that formed in the body. In addition, titanium dioxide,
TiO2, which does not exist in the human body, is a remark-
able compound with respect to its osteoconductivity. It is
important to research and improve the osteoconductivity of
substances such as HAp, TiO2,a n dC a T i O 3.H o w e v e r ,w e
need to pay attention to the properties of their compounds,
such as surface roughness [35], crystallinity, and corrosivity,
all of which inﬂuence osteoconductivity. Furthermore, the
evaluation criterion for osteoconductivity has not been
adequately established.
The development of implants with high functionality
is an important problem that urgently needs to be solved,
instead of merely making progress in medical technol-
ogy. It is thought that nothing can compete with such
implants in the progress and development of the individ-
ual technology. We hope that these important problems
can be solved using the combination of the discovery of
new bioactive compounds (organic and inorganic) and
their coating techniques, alloy designs for the implants,
and/or the growth of related surrounding techniques for
them.
References
[ 1 ]L .L .H e n c ha n dJ .W i l s o n ,An Introduction to Bioceramics,
chapter 1, World Scientiﬁc Publishing, Singapore, 1993.
[ 2 ]R .M .P i l l i a r ,D .A .D e p o r t e r ,P .A .W a t s o ne ta l . ,“ T h ee ﬀect
of partial coating with hydroxyapatite on bone remodeling in
relation to porous-coated titanium-alloy dental implants in
the dog,” J o u r n a lo fD e n t a lR e s e a r c h , vol. 70, no. 10, pp. 1338–
1345, 1991.Bioinorganic Chemistry and Applications 7
[3] S. W. K. Kweh, K. A. Khor, and P. Cheang, “Plasma-sprayed
hydroxyapatite (HA) coatings with ﬂame-spheroidized feed-
stock: microstructure and mechanical properties,” Biomateri-
als, vol. 21, no. 12, pp. 1223–1234, 2000.
[4] B.Ma visandA.C.T as ¸,“Dipcoatingofcalciumhydroxyapatite
on Ti-6Al-4V substrates,” Journal of the American Ceramic
Society, vol. 83, no. 4, pp. 989–991, 2000.
[5] S. Langstaﬀ,M .S a y e r ,T .J .N .S m i t h ,S .M .P u g h ,S .A .M .
Hesp,andW.T.Thompson,“Resorbablebioceramicsbasedon
stabilized calcium phosphates. Part I: rational design, sample
preparation and material characterization,” Biomaterials, vol.
20, no. 18, pp. 1727–1741, 1999.
[ 6 ]D .H .K i m ,Y .M .K o n g ,S .H .L e ee ta l . ,“ C o m p o s i t i o n
and crystallization of hydroxyapatite coating layer formed by
electron beam deposition,” Journal of the American Ceramic
Society, vol. 86, no. 1, pp. 186–188, 2003.
[7] T. S. Chen and W. R. Laceﬁeld, “Crystallization of ion beam
deposited calcium phosphate coatings,” J o u r n a lo fM a t e r i a l s
Research, vol. 9, no. 5, pp. 1284–1290, 1994.
[8] H. Ishizawa and M. Ogino, “Thin hydroxyapatite layers
formed on porous titanium using electrochemical and
hydrothermal reaction,” Journal of Materials Science, vol. 31,
no. 23, pp. 6279–6284, 1996.
[9] M. Okido, K. Kuroda, M. Ishikawa, R. Ichino, and O. Takai,
“Hydroxyapatite coating on titanium by means of thermal
substrate method in aqueous solutions,” Solid State Ionics, vol.
151, no. 1–4, pp. 47–52, 2002.
[10] M. Okido, K. Nishikawa, K. Kuroda, R. Ichino, Z. Zhao, and
O. Takai, “Evaluation of the hydroxyapatite ﬁlm coating on
titaniumcathodebyQCM,”MaterialsTransactions,vol.43,no.
12, pp. 3010–3014, 2002.
[11] X. Nie, A. Leyland, and A. Matthews, “Deposition of layered
bioceramic hydroxyapatite/TiO2 coatings on titanium alloys
using a hybrid technique of micro-arc oxidation and elec-
trophoresis,” Surface and Coatings Technology, vol. 125, no. 1–
3, pp. 407–414, 2000.
[12] L. A. De Sena, M. C. De Andrade, A. M. Rossi, and G. A.
De Soares, “Hydroxyapatite deposition by electrophoresis on
titanium sheets with diﬀerent surface ﬁnishing,” Journal of
Biomedical Materials Research, vol. 60, no. 1, pp. 1–7, 2002.
[13] H. Ziani-Cherif, Y. Abe, K. Imachi, and T. Matsuda, “Hydrox-
yapatite coating on titanium by thermal substrate method in
aqueous solution,” Journal of Biomedical Materials Research,
vol. 59, no. 2, pp. 390–397, 2002.
[14] K. Kuroda, R. Ichino, M. Okido, and O. Takai, “Eﬀects of
ion concentration and pH on hydroxyapatite deposition from
aqueous solution onto titanium by the thermal substrate
method,” Journal of Biomedical Materials Research, vol. 61, no.
3, pp. 354–359, 2002.
[15] K. Kuroda, Y. Miyashita, R. Ichino, M. Okido, and O. Takai,
“Preparationofcalciumphosphatecoatingsontitaniumusing
the thermal substrate method and their in vitro evaluation,”
Materials Transactions, vol. 43, no. 12, pp. 3015–3019, 2002.
[16] K. Kuroda, S. Nakamoto, R. Ichino, M. Okido, and R. M.
Pilliar, “Hydroxyapatite coatings on a 3D porous surface using
thermal substrate method,” Materials Transactions, vol. 46, no.
7, pp. 1633–1635, 2005.
[17] K. Kuroda, S. Nakamoto, Y. Miyashita, R. Ichino, and M.
Okido, “Osteoinductivity of HAp ﬁlms with diﬀerent surface
morphologies coated by the thermal substrate method in
aqueous solutions,” Materials Transactions,v o l .4 7 ,n o .5 ,p p .
1391–1394, 2006.
[18] K. Kuroda, S. Nakamoto, Y. Miyashita, R. Ichino, and M.
Okido, “Osteoinductivity of hydroxyapatite ﬁlms with dif-
ferent surface morphologies coated by the thermal substrate
method in aqueous solutions,” Journal of the Japan Institute of
Metals, vol. 71, no. 3, pp. 342–345, 2007.
[19] J. C. Elliot, “Studied in inorganic chemistry 18,” in Structure
and Chemistry of the Apatites and Other Calcium Orthophos-
phates, chapter 1, Elsevier, NewYork, NY, USA, 1994.
[20] R. Tang, Z. J. Henneman, and G. H. Nancollas, “Constant
composition kinetics study of carbonated apatite dissolution,”
Journal of Crystal Growth, vol. 249, no. 3-4, pp. 614–624, 2003.
[21] H. Aoki, Marvelous Biomaterial, Apatite, Ishiyaku Publishers,
Tokyo, Japan, 1999.
[22] D. Hanein, H. Sabanay, L. Addadi, and B. Geiger, “Selective
interactions of cells with crystal surfaces. Implications for the
mechanism of cell adhesion,” Journal of Cell Science, vol. 104,
no. 2, pp. 275–288, 1993.
[23] H. Ohgushi, M. Okumura, T. Yoshikawa, K. Inoue, N.
Senpuku, and S. Tamai, “Bone formation process in porous
calcium carbonate and hydroxyapatite,” Journal of Biomedical
Materials Research, vol. 26, no. 7, pp. 885–895, 1992.
[24] Nihon Kagaku Kai, Kagaku Binran, Kiso-Hen, Maruzen,
Tokyo, Japan, 2004.
[25] K. Kuroda, M. Moriyama, R. Ichino, M. Okido, and A. Seki,
“Formation and in Vivo evaluation of carbonate apatite and
carbonate apatite/CaCO3 composite ﬁlms using the thermal
substratemethodinaqueoussolution,”MaterialsTransactions,
vol. 49, no. 6, pp. 1434–1440, 2008.
[26] K. Kuroda, M. Moriyama, R. Ichino, M. Okido, and A. Seki,
“Formation and in vivo evaluation of carbonate apatite and
carbonate apatite/CaCO3 composite ﬁlms using the thermal
substrate method in aqueous solution,” Journal of the Japan
Institute of Metals, vol. 73, no. 5, pp. 346–353, 2009.
[27] Q. Zhang, J. Chen, J. Feng, Y. Cao, C. Deng, and X. Zhang,
“Dissolution and mineralization behaviors of HA coatings,”
Biomaterials, vol. 24, no. 26, pp. 4741–4748, 2003.
[28] M. C. Chang, T. Ikoma, M. Kikuchi, and J. Tanaka, “Prepara-
tionofaporoushydroxyapatite/collagennanocompositeusing
glutaraldehyde as a crosslinkage agent,” Journal of Materials
Science Letters, vol. 20, no. 13, pp. 1199–1201, 2001.
[ 2 9 ]R .Z .W a n g ,F .Z .C u i ,H .B .L u ,H .B .W e n ,C .L .M a ,a n d
H. D. Li, “Synthesis of nanophase hydroxyapatite/collagen
composite,” Journal of Materials Science Letters, vol. 14, no. 7,
pp. 490–492, 1995.
[30] M. C. Chang, C. C. Ko, and W. H. Douglas, “Preparation of
hydroxyapatite-gelatin nanocomposite,” Biomaterials, vol. 24,
no. 17, pp. 2853–2862, 2003.
[31] T. Ishii, M. Koishi, and T. Tsunoda, Nure-Gijutsu Handbook,
chapter 16, Techno-System, Tokyo, Japan, 2001.
[32] T. Okada and Y. Ikada, “Surface modiﬁcation of silicone for
percutaneous implantation,” Journal of Biomaterials Science,
vol. 7, no. 2, pp. 171–180, 1995.
[33] K. Kuroda, M. Moriyama, R. Ichino, M. Okido, and A. Seki,
“Formation and osteoconductivity of hydroxyapatite/collagen
composite ﬁlms using a thermal substrate method in aqueous
solutions,” Materials Transactions, vol. 50, no. 5, pp. 1190–
1195, 2009.
[34] S. Ban and S. Maruno, “Hydrothermal-electrochemical depo-
sition of hydroxyapatite,” Journal of Biomedical Materials
Research, vol. 42, no. 3, pp. 387–395, 1998.
[35] D. Yamamoto, I. Kawai, K. Kuroda, R. Ichino, M. Okido,
and A. Seki, “Osteoconductivity of anodized titanium with
controlled micron-level surface roughness,” Materials Trans-
actions, vol. 52, no. 8, pp. 1650–1654, 2011.